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ABSTRACT 

The  prevailing  hypothesis  concerning  denervation  sensitivity 
in  striated  muscle  is  that  it  is  due  to  a  progressive  spread  of 
cholinergic  receptors  from  the  endplate  region  on  the  membrane.  It 
was  the  purpose  of  this  research  therefore  to  attempt  to  chart  the 
distribution  of  these  receptors  on  the  membrane  after  denervation. 

To  this  end  dimethyl  - c^- d- tubocurarine  dichloride  and  decamethonium- 1 , 
10-c^  dichloride  were  used  with  the  intention  of  labelling  the 
receptors.  The  subsequent  pattern  of  radioactivity  on  the  muscle  was 
determined  by  cutting  the  muscle  into  strips  1mm.  wide  and  then 
measuring  the  amount  of  radioactivity  on  each  strip  by  means  of  the 
liquid  scintillation  counting  technique.  Several  parameters  such  as 
the  length  of  exposure- time  of  tissue  to  drug,  drug  dosage  etc.  were 
varied  in  order  to  study  the  effect  on  the  pattern  of  cholinergic 
receptor  distribution,  after  denervation.  The  experiments  were  con¬ 
ducted  in  vivo  and  control  studies  with  normal  muscle  were  also  carried 
out.  The  muscle  used  was  the  diaphragm  of  the  rat. 

With  regard  to  decamethonium- 1 ,  10- c^  dichloride,  the  results  • 
obtained  both  in  the  normal  and  denervated  striated  muscle  were  quite 
consistent  with  other  observed  physiological  facts  about  the  normal 
and  denervated  muscle  and  also  with  the  known  behaviour  of  the  drug. 

With  respect  to  dimethyl- d- tubocurarine  the  results  obtained 
in  the  denervated  muscle  were  also  in  keeping  with  known  patterns  of 
supersensitivity  after  denervation.  In  the  normal  muscle  however  the 
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uptake  of  this  drug  surprisingly  occurred  all  over  the  muscle  fibre 
without  a  significantly  detectable  increase  at  the  end-plate  region 
where  one  would  expect  a  high  concentration  of  receptors.  This  is 
contrary  to  the  observed  pattern  of  Ach-sensitivity  on  the  normal 
muscle.  It  seems  likely  therefore,  that  d- tubocurarine  complexes 
with  non- cholinergic  as  well  as  with  cholinergic  receptors  (as 
expected)  or  even  with  other  chemical  components  of  tissues. 
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GENERAL  INTRODUCTION 
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CHOLINERGIC  RECEPTORS  IN  NORMAL  AND 
DENERVATED  RAT  DIAPHRAGMS 

The  changes  in  denervated  skeletal  muscle  following  nerve 
section  and  the  mechanisms  involved  in  the  resulting  increase  in 
sensitivity  to  the  neurohumoral  transmitter  and  to  other  chemical 
agents,  have  attracted  the  attention  of  medical  researchers  for 
decades.  As  far  back  as  1863  Philipeaux  and  Vulpian  (1)  observed 
that  if  the  dog's  hypoglossal  nerve,  i.e.  the  motor  nerve  of  the 
tongue  muscles,  is  cut  and  allowed  to  degenerate,  and  then  the  chorda 
tympani  nerve  is  stimulated,  the  tongue  muscles  undergo  a  slow  con¬ 
traction.  Cyon  (2)  in  1871,  and  later  Heidenhain  (3)  in  1883  confirm¬ 
ed  these  findings.  Other  instances  of  this  mysterious  "pseudomotor" 
phenomenon  were  encountered  by  Rogowicz  (4)  in  1885  and  Sherrington 
(5)  in  1894.  The  former  discovered  that  on  sectioning  the  dog's 
facial  nerve  at  its  emergence  from  the  skull  and  on  allowing  its 
distal  fibres  to  degenerate,  stimulation  of  the  cervical  sympathetic 
trunk  on  the  paralyzed  side  caused  a  contracture  of  the  levator  muscle 
of  the  upper  lip  as  well  as  the  orbicular  muscles  of  the  eyelids:  while 
the  latter  (Sherrington)  found  that  if  the  ventral  roots  (and  dorsal 
roots  proximal  to  the  ganglia)  of  6th,  7th,  8th,  and  9th  pos t- thoracic 
nerves  of  the  cat  are  cut,  that  two  to  three  weeks  later  a  stimulation 
of  the  sciatic  nerve  trunk  results  in  a  slow  contracture  of  the  para¬ 
lyzed  muscles. 

It  was  not  until  1921  that  the  mystery  of  pseudomotor  innerva- 
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tion  began  to  be  clarified.  In  that  year  Langley  (6)  suggested  that 
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the  observed  effects  stemmed  from  the  liberation  at  the  autonomic 
nerve  endings  of  an  agent  that  excites  striated  muscle  only  when  the 
muscle  is  sensitized  by  the  degeneration  of  its  nerve  supply. 

The  next  step  in  the  solution  of  the  puzzle  came  when  Frank, 
Northmann  and  Hirsch-Kaufmann  (7)  in  1922  observed  that  acetyl¬ 
choline  -  a  drug  already  believed  to  be  involved  in  the  synaptic 
transmission  of  nervous  impulses  (8)  -  when  injected  close-arterially 
caused  a  response  of  denervated  skeletal  muscle.  Later  in  1934,  Dale 
and  Feldberg  (9)  produced  for  the  first  time  clear  evidence  of  the 
release  of  acetycholine  by  somatic  motor  fibres.  That  this  substance 
produced  contraction  in  the  innervated  as  well  as  denervated  skeletal 
muscle  was  also  shown.  As  a  result  of  the  above  findings  and  others 
(10,  11,  12)  pseudomotor  activity  in  denervated  skeletal  muscle  came 
to  be  seen  as  being  a  matter  of  increased  sensitivity  to  the  neuro- 
humoral  transmitter  after  denervation.  Further  indication  and  clari¬ 
fication  of  this  phenomenon  came  in  1939  when  Cannon  (13),  after  a 
detailed  investigation,  was  able  to  formulate  his  famous  "Law  of 
Denervation",  namely,  that  "when  in  a  series  of  efferent  neurons,  a 
unit  is  destroyed,  an  increased  irritability  to  chemical  agents  develops 
in  the  isolated  structure  or  structures,  the  effects  being  maximal  in 
the  part  directly  denervated". 

With  the  phenomenon  of  denervation  supersensitivity  fully 
established,  attention  now  began  to  be  paid  more  and  more  to  the  under¬ 
lying  mechanism.  The  resulting  effect  was  that  four  major  explanatory 
theories  came  to  be  put  forward  during  the  two  decades  following 
Cannon's  formulation  of  the  Law  of  Denervation.  According  to  one, 
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acetylcholine's  action  was  prolonged  and  intensified  because  of  a 
lowered  rate  of  its  enzymatic  destruction.  A  decrease  of  cholin¬ 
esterase  activity  in  denervated  muscles  could  then  be  the  cause  of 
supersensitivity  to  acetylcholine  (14).  However,  it  was  found  that 
following  denervation,  the  muscle  also  became  sensitized  to  drugs 
such  as  nicotine  and  caffeine  which  can  not  be  destroyed  by  the 
enzyme  and  that  in  fact  there  is  no  correlation  between  the  total 
amount  of  cholinesterase  present  and  the  degree  of  supersensitivity 
(15,  16).  The  enzyme  theory  thus  could  not  explain  acetylcholine 
sensitization.  A  second  hypothesis  put  forward  suggested  that  den¬ 
ervation  could  lead  to  supersensitivity  because  the  membrane  perme¬ 
ability  of  cells  deprived  of  nervous  influences  is  altered  (17). 
Subsequently,  it  was  discovered  too  that  while  the  uptake  of  radio¬ 
active  potassium  by  denervated  rat  muscle  is  greater  than  normal  (18), 
it  is  reduced  in  denervated  frog  muscle  (19).  Now  a  reduction  in 
membrane  permeability  could  cause  an  increase  in  membrane  resistance 
and  thereby  an  enhanced  sensitivity  to  electric  current  so  that  less 
current  is  required  for  a  given  depolarization.  In  denervated  frog 

t 

muscle  the  membrane  resistance  is  approximately  doubled  which  could 
account  for  some  hyperexcitability.  This  theory,  however,  could  not 
explain  the  raised  sensitivity  to  acetycholine  which  is  of  a  far  greater 
order  of  magnitude,  viz  as  much  as  100,000  times  (20,  24). 

The  remaining  major  theories  to  emerge  now  involved  the  concept 
of  the  chemical  receptor  of  the  cell.  It  had  been  postulated  previously 
that. many  drugs  exert  their  actions  after  becoming  attached  to  specific 
chemically  defined  entities  known  as  receptors  (21,  22).  In  addition 
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Buchtal  and  Lindhard  (23)  had  discovered  in  1937  that  normal  skeletal 
muscle  is  sensitive  to  acetylcholine  only  in  the  vicinity  of  the 
nerve- ending ,  i.e.  the  end-plate  region.  Thus  the  discovery  by 
Kuffler  (24)  in  1946  that  after  denervation  the  sensitivity  of  the 
end-plate  region  on  the  skeletal  muscle  of  the  frog  increased  from 
1,000  to  100,000  times,  set  off  the  speculation  that  denervation 
sensitivity  might  in  fact  be  due  to  an  increase  in  chemo- sensitivity 
of  the  acetylcholine  receptors  on  the  end- plate.  However,  a  thorough 
investigation  of  this  matter  by  Axelsson  and  Thesleff  (1959)  (25)  and 
Miledi  (1959)  (26)  showed  that  this  was  not  so.  By  the  strictly  local¬ 
ized  iontophoretic  application  of  acetylcholine  to  end-plates  on 
innervated  as  well  as  denervated  skeletal  muscle  it  was  demonstrated, 
that  after  denervation,  the  acetylcholine  receptors  at  the  end-plate 
maintained  their  original  responsiveness.  The  latter  authors  however, 
did  observe  a  progressive  increase  in  the  acetylcholine- sensitive  area 
outward  from  the  end-plate.  The  theory  was  advanced  therefore  that 
the  sensitivity  to  acetylcholine  of  the  muscle  membrane  after  denerva¬ 
tion  was  due  to  an  increase  of  receptor  surface  on  the  cell  membrane  (25) 

Additional  support  for  this  view  has  come  from  the  findings  of 
other  researchers  (27,  28,  29,  30,  31).  Taylor  and  Creese  et  al  (30), 
for  example,  have  shown  that  after  denervation,  decamethonium  a  drug 
which  produces  a  depolarization-block  in  normal  muscle  by  combining  with 
the  acetylcholine  receptors  in  the  end-plate  (31),  is  taken  up  all  over 
the  tissue  thereby  suggesting  the  presence  of  new  sites  for  excitation 
by  acetylcholine,  or  in  other  words,  new  cholinergic  receptors. 

Thesleff  (32)  has  also  presented  evidence  that  if  the  electrical 
properties  of  the  muscle  fibre  are  properly  analyzed  it  will  be  seen 
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that  an  increase  in  receptor  area  could  easily  account  for  the  sensi¬ 
tivity  to  acetylcholine  observed  after  denervation.  An  increased 
number  of  receptors  on  the  membrane  aids  the  reduction  of  the  membrane 
resistance.  Hence  the  depolarization  induced  by  a  given  dose  of 
acetylcholine  will  be  greater,  with  the  result  that  sensitivity  to 
acetylcholine  is  increased.  The  prevailing  hypothesis  concerning 
denervation  sensitivity  then,  is  that  it  is  due  to  a  progressive  spread 
of  cholinergic  receptors  from  the  end-plate  region  on  the  membrane. 

In  normal  skeletal  muscle  sensitivity  to  acetylcholine  is, 
as  indicated  above,  limited  to  the  muscle  membrane  at  and  around  the 
neuromuscular  junction.  This  sensitivity  is,  however,  not  constant. 

It  is  highest  at  the  membrane  areas  located  under  the  nerve  but  de¬ 
creases  in  the  adjacent  regions.  In  the  rat  this  non- junctions  1  region 
of  decreased  sensitivity  occupies  an  area  1  mm.  around  the  end-plate 

(33) .  Outside  of  this  area  sensitivity  usually  falls  to  an  undetectable 
level.  On  the  sartorious  muscle  fibres  of  some  individual  frogs,  how¬ 
ever,  a  definite  but  low  sensitivity  can  be  found  far  from  the  end-plate 

(34) . 

Miledi  has  postulated  that  these  local  differences  in  sensitiv¬ 
ity  are  due  to  differences  in  the  density  of  receptors  per  unit  area  of 
membrane.  Removal  of  neural  influences  by  denervation  or  by  the  use 
of  botulinum  toxin  for  example  gives  rise  progressively,  as  nerve  degen¬ 
eration  proceeds,  to  a  spread  of  receptors  as  well  as  to  an  increase  in 
their  density  (33). 

An  analogous  process  is  seen  in  reverse  in  foetus  or  newborn 
animals,  whose  entire  muscle  fibres  are  initially  sensitive  to  acetyl- 
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choline.  As  development  proceeds  and  innervation  occurs  the  factor 
controlling  the  receptor  'area'  on  the  cell  membrane  causes  sensitivity 
to  acetylcholine  to  recede  until  it  becomes  restricted  to  the  normal 
region  at  and  around  the  end-plate.  This  process  is  complete  a  few 
weeks  after  birth  (28,  29,  35).  The  innervation  of  the  cell  by  the 
motor  nerve  evidently  plays  a  significant  part  in  confining  acetyl¬ 
choline  receptors  to  the  end-plate  region.  Thesleff  (32)  believes 
that  the  receptor  controlling  factor  is  acetylcholine  itself.  However, 
there  is  evidence  which  indicates  that  this  is  not  the  case  (27,  36). 

Whether  receptors  other  than  cholinergic  ones,  appear  on  the 
skeletal  muscle  membrane  after  denervation  has  not  been  conclusively 
demonstrated.  Nevertheless  the  findings  of  Paton  and  Zaimis  (37)  that 
the  intravenous  injection  of  adrenaline  greatly  influences  the  depth 
of  paralysis  of  muscle  by  decamethononum  and  d- tubocurarine  as  well 
as  the  observations  of  Bhoola  and  Schachter  (38)  that  adrenaline  induces 
the  contracture  of  isolated  skeletal  muscle  indicate  that  this  question 


is  not  finally  settled. 


8 


SOME  CONSIDERATIONS  OF  RECEPTOR  THEORY 

Although  at  the  present  time  it  is  the  widely  held  view  that 
most  drugs  exert  their  effects  by  being  attached  to  specific  chemically 
defined  entities,  the  receptors,  on  which  they  act,  the  physical  and 
chemical  nature  of  drug- receptor  interaction  is  far  from  clear. 

Quantitative  studies  of  this  relationship  have  been  made  by 
Clark  (39).  Assuming  that  the  mass  law  relation  between  drug  concentra¬ 
tion  and  tissue  receptors  accounted  for  the  slope  of  the  concentration- 
effect  curve,  Clark  put  forward  the  following  assertions.  He  stated:- 

1)  Intensity  of  response  is  directly  related  to  the  number 
of  receptors  occupied  by  an  active  drug. 

2)  At  each  receptor  an  all  or  none  drug  response  is  elicited 
by  an  agonist. 

3)  Drug  and  receptor  stand  in  rigid  lock  and  key  relationship. 

4)  Occupation  of  one  receptor  does  not  alter  the  tendency  of 
other  receptors  to  be  occupied. 

However,  subsequent  investigations  by  Furchgott  (40)  (41),  and 
Nickerson  (42)  showed  the  first  of  these  assertions  to  be  incorrect.  The 
latter  using  isolated  strips  of  guinea  pig  ileum  pretreated  with  G. D. 

121*,  a  histamine  blocker,  showed  that  the  log  concentration-response 
curve  for  histamine  could  be  shifted  by  as  much  as  2  log  units  (100-fold) 
to  the  right  without  any  significant  decrease  in  either  the  slope  or 
height  of  the  curve.  Receptor  occupancy  could  thus  not  be  related  direct¬ 
ly  to  intensity  of  response  in  normal  tissue,  as  Clark  had  argued,  since 


*  G.  D.  121  =  N-l-  NAPHTHYL  METHYL- N- ETHYL- (3- CHLOROETHYLAMINE 
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the  above  findings  indicated  that  with  only  1 %  of  the  available  re¬ 
ceptors  occupied  by  the  drug,  maximal  effect  could  still  occur.  When 
strips  of  the  rabbit  aorta  previously  treated  with  dibenamine,  an 
alpha  adrenergic  blocker,  were  exposed  to  epinephrine,  a  similar  al¬ 
though  smaller  shift  of  the  log  concentration-response  curve  (for 
epinephrine)  was  observed  (40,  41). 

The  second  of  Clark's  assertions  was  challenged  by  Ariens 
(43),  by  Furchgott  (41),  and  later  by  Stephenson  (44),  who  with  a 
view  to  broadening  receptor  theory  introduced  the  following  hypo¬ 
theses,  namely,  that:- 

1)  A  maximum  effect  can  be  produced  by  an  agonist  when  only 
a  small  proportion  of  the  receptors  is  occupied. 

2)  The  response  is  not  linearly  proportional  to  the  number 
of  receptors  occupied. 

3)  Different  drugs  have  different  capacities  to  induce  a 
response  and  consequently  to  occupy  different  proportions 
of  the  receptors  when  producing  equal  responses.  This 
property  will  be  referred  to  as  the  efficacy  of  the  drug. 

Stephenson  also  showed  that  the  concept  of  efficacy  is  part¬ 
icularly  useful  in  differentiating  between  agonists,  partial  agonists 
acting  on  the  identical  receptors.  Now  an  agonist  causes  an  effect 
while  an  antagonist  causes  no  effect  (45).  An  antagonist  will  thus 
have  zero  efficacy,  while  a  "partial  agonist"  will  have  a  low  efficacy 
or,  in  other  words,  will  produce  submaximal  response  even  when  occupy¬ 
ing  nearly  all  the  receptors.  However,  because  of  its  ability  to  occupy 
receptors  it  will  diminish  the  action  of  agonists  with  high  efficacy 
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when  the  latter  are  added  at  the  same  time.  The  term  efficacy,  while 
now  meaning  virtually  the  same  thing  as  intrinsic  activity  (96),  must 
also  be  distinguished  from  affinity  -  the  ability  to  combine  with  a 
receptor. 

Recently,  Paton  (47,  48)  has  introduced  a  provocative  new 
theory  of  drug-receptor  interaction.  The  basic  concept  of  this  theory 
is  that  response  is  a  function  of  the  rate  of  association  between  drug 
molecules  and  receptors  -  each  drug  receptor  association  providing  one 
quantum  of  excitation. 

However,  considerable  criticism  has  been  advanced  against  this 
theory.  It  has  been  pointed  out,  for  example  (49,  50),  that  if  the  rate 
of  receptor  occupation  was  an  essential  factor  in  drug  action,  then 
competitive  antagonists  such  as  tubocurarine  or  atropine  should  induce 
a  response  before  acting  as  cholinergic  blockers  (provided  that  the 
rate  of  diffusion  of  the  antagonist  towards  the  active  site  is  not  too 
slow),  (51). 

Now  although  drugs  exert  a  variety  of  different  effects  they 
do  so  in  each  instance  by  affecting  the  structure  of  the  essential  bio¬ 
polymers.  The  formation  of  drug-receptor  complexes  are,  however,  not 
always  involved. 

Changes  in  the  structure  of  the  biopolymers  can  also  be  effect¬ 
ed  by  a  change  in  the  environmental  solvent  structure.  Drugs  can  thus 
be  put  into  two  major  classes,  namely  (a)  those  that  change  biopolymers 
by  interacting  with  specific  receptors,  and  (b)  those  that  change  bio¬ 
polymers  by  a  modification  of  the  environmental  solvent  structure  with¬ 
out  interacting  with  specific  receptors. 
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Where  drug  action  involves  the  formation  of  drug  receptor 
complexes  a  knowledge  of  not  only  the  physical  and  chemical  nature 
of  the  drug  but  also  of  the  receptor  is  necessary  if  the  drug- 
receptor  interaction  is  to  be  understood. 
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THE  NATURE  OF  THE  CHOLINERGIC  RECEPTOR 


In  attempting  to  identify  and  to  locate  the  cholinergic 


receptor  on  denervated  skeletal  muscle,  it  would  be  desirable  to  know 
its  chemical  and  physical  nature.  In  this  connection,  however,  it 
must  be  said  that  very  little  has  been  ascertained. 

Acetylcholine,  C1I3- COO- CH.2-CH2-N+  (CH3)3,  has  only  two  func¬ 
tional  groups,  an  ester  and  a  quaternary  ammonium  group  to  offer  to 
a  receptor.  It  is  likely,  therefore,  that  the  receptor  has  an  anionic 
site.  The  receptor  is  also  very  likely  fitted  with  sites  binding  the 
two  oxygen  atoms  of  acetylcholine,  probably  by  hydrogen  bonds  (52). 
These  conclusions  are  drawn  from  the  facts  that  choline,  HO-CH2-CH2- 
N+  (CH3)  2  is  a  weak  parasympathomimetic  agent  (52) ;  that  muscarine 


OH 


ch2-n+(ch3 )3 


CH3 


which  holds  the  oxygen  atoms  and  the  quaternary  nitrogen  rigidly  in  the 
most  favourable  mutual  orientation,  is  more  selective  in  its  action  than 
acetylcholine,  and  on  the  tissues  on  which  it  acts  more  potent  then  ACH, 
while  its  several  stereoisomers  are  less  potent  (53  -  57) ;  and  that 
replacement  of  the  ether  0  in  muscarine  by  S,  which  enlarges  the  mole¬ 
cule  while  decreasing  its  capacity  for  hydrogen  bonding,  reduces  the 
activity  of  muscarine  to  l/l500  (54,  56). 

The  fact  too  that  several  bis- quaternary  compounds  are  much  more 
active  than  their  mono- quaternary  counterparts  and  that  others  are  block- 
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ing  agents  (58,  59,  60),  suggests  that  there  may  be  a  second  anionic 
receptor  site.  Also,  because  of  the  very  marked  influence  on  receptor 
sensitivity  of  Ca  and  Mg  concentration  in  extra- cellular  fluid 
(61,  62),  it  is  possible  that  at  least  one  of  the  two  anionic  receptor 
sites  is  normally  involved  in  an  interaction  with  a  divalent  metal  ion. 
Such  general  features  of  the  Ach-receptor  could  belong  to  a  specific 
region  of  a  protein  that  was  normally  complexed  in  the  membrane  with 
a  choline  -  containing  lipid  such  as  lecithin  or  sphingomyelin. 

Watkins  (60)  has  therefore  proposed  the  following  model  shown 
in  Fig.  1,  the  main  features  of  which  are  (a)  the  electrostatic  bind¬ 
ing  of  the  quaternary  ammonium  group  of  lecithin  to  an  anionic  protein 
side  chain;  (b)  a  divalent  metal  ion  bridge  between  the  lipid  phosphate 
group  and  a  second  anionic  group  of  the  protein;  and  (c)  co-ordinate 
bonding  between  a  double-bonded  oxygen  atom  of  the  phospate  group  and 
a  peptide  group  of  the  protein  chain.  The  negative  sites  on  the  protein 
could  be  provided  by  glutamyl  or  aspartyl  side  chains.  The  similarity 
in  structure  of  acetylcholine  to  the  right  in  Fig.  1  could  lead  to 
competition  between  these  two  for  association  with  two  of  the  complex- 
ing  sites  on  the  protein.  This,  in  turn,  could  lead  to  conformational 
changes  in  the  protein  chain,  resulting  in  a  shift  of  the  second  anionic 
group  to  a  new  position  which  was  not  quite  as  favourable  for  complex 
formation  with  the  divalent  metal  ion.  The  result  would  be  a  weakening 
of  the  binding  of  the  divalent  metal  ion  which  could  give  rise  to  the 
complete  displacement  of  this  ion  by  the  monovalent  cations  present  in 
large  excess  in  the  vicinity.  If  the  ionic  permeability  of  the  region 
was  controlled  by  the  original  lecithin-protein  complex,  then  conforms- 
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tional  changes  and  the  resulting  availability  of  the  anionic  groups 
on  both  the  lipid  and  protein  could  cause  an  opening  up  of  cation- 
selective  channels  and  increase  the  permeability  of  the  region  to 
sodium  and  potassium  ions  a  fact  that  has  been  observed  to  occur  at 
the  end-plate  after  exposure  to  physiological  concentrations  of 
acetylcholine  (61). 

Such  a  model  is  not  inconsistent  with  Waser's  view  of  the 
receptor  as  a  pore  (53,  63)  in  the  membrane  to  which  acetylcholine 
becomes  bound  in  such  a  way  as  to  cause  a  change  in  the  macromolecular 
configuration  of  the  wall,  thereby  leading  to  a  development  of  perme¬ 
ability  for  potassium  and  sodium  ions  through  the  pore  during  the  short 
excitation  period.  Until  the  receptor  has  been  isolated  and  chemically 
defined,  however,  these  speculations  concerning  its  nature  cannot  be 
confirmed  or  rejected  with  certainty. 

During  recent  years  a  limited  number  of  attempts  have  thus 
been  made  at  isolation  and  identification  of  the  cholinergic  receptor. 
Two  of  these  attempts  have  involved  the  electric  organ  of  the  electric 
eel  -  a  tissue  quite  suitable  for  this  purpose  because  of  the  high 
synaptic  density  on  each  cell.  In  the  first  of  these  studies  done  by 
Chagas  and  his  co-workers  (64,  65,  66),  a  hyaluronic  acid  type  of  mole¬ 
cule  was  isolated  and  suggested  as  the  receptor  because  of  its  ability 
to  react  with  triethiodide  of  gallamine  -  a  drug  known  to  have  a  high 
affinity  for  the  receptor.  These  investigations  concerning  the  binding 
ability  of  the  newly  isolated  compound  were,  however,  made  in  distilled 
water.  Under  physiological  conditions  of  pH  and  ionic  strength, 
Ehrenpreis  and  Kellock  (67)  showed  that  the  hyaluronic  acid  did  not 


' 
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interact  with  d- tubocurarine  although  in  distilled  water  the  binding 
of  d- tubocurarine  as  well  as  of  other  quaternary  ammonium  compounds 
did  occur. 

Adopting  a  modified  version  of  the  above  method,  Ehrenpreis 

* 

(68,  69,  70),  used  curarine  precipitation  to  selectively  remove  com¬ 
ponents  from  the  electric  organ  of  the  eel.  Several  components  were 
found  to  precipitate  with  the  curarine.  The  one  with  the  highest 
affinity,  however,  was  found  to  be  a  phospholipoprotein,  homogeneous 
in  gel  electrophoresis  and  approximately  80%  pure  when  tested  by  free 
electrophoresis  (68,  71),  immunodiffusion  (72)  and  ultracentrifugation. 
On  the  basis  of  its  strong  affinity  under  physiological  conditions 
for  acetylcholine  and  anticholinergic  agents  such  as  succiny lcholine 
and  gallamine,  it  was  believed  that  it  might  be  the  cholinergic 
receptor.  However,  subsequent  investigations  by  means  of  the  immuno- 
histochemical  technique  (73)  showed  that  the  protein  was  present  both 
in  innervated  and  non- innervated  membranes  of  the  electrplax  cell.  It 
therefore  could  not  be  considered  as  the  acetylcholine  receptor  since 
this  would  be  expected  to  be  found  only  at  the  innervated  membranes 
(74,  75,  76). 

A  phosphatide  which  has  been  extracted  from  various  tissues 
including  the  duodenum,  skeletal  muscle,  spinal  cord  and  brain  (77)  as 
well  as  an  ammonium  sulfate  type  of  molecular  (78)  have  been  indepen¬ 
dently  reported  to  be  possible  cholinergic  receptors.  Recently  a 
nucleoprotein  (79,  80,  81),  has  been  considered  to  be  the  possible 
cholinergic  receptor.  However,  not  much  evidence  has  been  adduced  to 
show  that  these  substances  bind  agonists  and  antagonists  with  the 
specificity  shown  by  the  receptor  in  vivo. 
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As  a  result  of  the  inconclusiveness  of  these  several  claims 
concerning  the  isolation  and  identification  of  the  cholinergic  receptor, 
interest  has  been  regenerated  in  the  older  but  generally  neglected 
concept  (82,  83),  that  tissue  cholinesterase  is  involved  in  receptor 
function.  This  enzymatic  macromolecule  has  a  "high  degree  of  compli- 
mentarity  for  the  acetylocholine  molecule,  is  localized  at  the  correct 
sites  and  can  react  with  many  if  not  all  of  the  compounds  that  influ¬ 
ence  cholinergic  events"  (84).  However,  it  does  not  seem  likely  that 
the  active  site  on  the  cholinesterase  molecule  is  involved  in  receptor 
function.  Waser  (88),  has  found,  for  example,  that  the  simultaneous 
intravenous  injection  into  mice  of  a  minimal  lethal  dose  of  radioactive 
curarine  and  varying  doses  of  neostigmine  did  not  affect  curarine  uptake 
by  the  cholinergic  receptors.  Nevertheless,  studies  (86),  on  skeletal 
muscle  have  shown  that  after  denervation  there  is  a  parallel  and  syn¬ 
chronous  rise  and  fall  in  both  the  acetylcholinesterase  content  of 
muscle  and  the  number  of  curarine  receptors.  This  would  seem  to  suggest 
that  there  is  a  structural  link  between  these  two  apparently  separate 
functional  units.  Indeed,  it  may  very  well  be  that  they  are  simply  part 
of  the  same  structure  in  the  post  synaptic  membrane. 
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DECAMETHONIUM  AND  TUBOCURARINE 

In  our  studies  on  the  localization  of  the  cholinergic  receptor 
on  denervated  skeletal  muscle,  the  drugs  used  we re  radioactive  decame- 
thonium  dichloride  and  radioactive  dimethyl- d- tubocurarine  dichoride, 
the  chemical  formulas  of  which  are  given  below  in  Fig.  2. 

Although  both  these  drugs  induce  neuromuscular  block  and  so 
may  be  called  curarising  agents,  there  are  important  pharmacological 
differences  between  them.  These  differences  may  be  summarized  in  the 
following  way:- 

(a)  decamethonium  has  a  stimulant  action  on  skeletal  muscle 
which  d- tubocurarine  lacks; 

(b)  there  is  an  inverse  relationship  between  the  conditions 
for  sensitivity  to  decamethonium  and  those  for  sensitivity 
to  d- tubocurarine.  In  other  words,  if  the  ratio  of  sen¬ 
sitivity  of  muscle  a  to  muscle  b  is  greater  than  unity 
with  curarine  then  with  decamethonium  the  ratio  will 
usually  be  less  than  unity;  and  finally 

(c)  neuromuscular  block  by  d  -  tub ocurarine  is  relatively 
labile-  local  end-plate  response  being  readily  influenced 
by  slight  variations  in  acetylcholine  dosage  -  while  the 
decamethonium  block  is  stable  since  again  the  local  end- 
plate  response  is  not  readily  influenced  by  variations  in 
the  acetylcholine  dosage  (87). 

These  differences  can  in  part  be  correlated  with  the  modes  of 
action  of  the  drugs.  Decamethonium  blocks  neurotransmission  because  of 
the  depolarization  that  it  induces  after  combining  with  the  cholinergic 
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receptors  at  the  endplate  (83,  89,  90).  The  kinetics  of  the  drug 
action  is,  however,  highly  complex  and  is  now  held  to  occur  in  two 
phases  (91,  92).  Phase  1  is  associated  with  a  depolarization  block 
preceded  by  brief  stimulant  effects  and  followed  by  a  spontaneous 
recovery  despite  the  presence  in  unaltered  concentration  of  the  block¬ 
ing  agent,  while  Phase  11  is  associated  with  a  steady  block.  Evidence 
has  been  presented  that  rate  of  diffusion  towards  the  receptors  is 
involved  in  the  "Phase  1"  block,  while  the  "Phase  11"  block  results 
from  "stationary  or  nearly  stationary"  conditions  (92). 

While  the  onset  of  "Phase  1  block"  is  quite  rapid  with  the 
cat's  lumbrical  muscle,  an  exposure  of  the  muscle  to  decamethonium 
for  three  hours  is  necessary  for  "Phase  11  block"  to  occur.  The 
"Phase  11  block"  then  slowly  develops,  reaching  a  steady  state  after 
six  .to  nine  hours. 

It  has  also  been  demonstrated,  that  in  addition  to  the  depolar¬ 
ization  block  which  decamethonium  induces  in  normal  muscle,  it  also 
penetrates  the  fibres  by  diffusion  through  the  endplate  region  (93,  94). 
In  fact,  it  is  thought  that  this  entry  into  the  interior  of  the  fibre 
may  be  an  essential  part  of  the  depolarizing  process  (88).  On  the 
other  hand,  the  view  is  held  widely  that  tubocurarine  blocks  neuro¬ 
transmission  at  the  myoneural  junction  by  occupying  the  cholinergic 
receptors  in  such  a  way  as  to  prevent  both  the  access  of  acetycholine 
to  the  receptor  and  also  the  passage  of  sodium  and  potassium  ions  across 
the  membrane  (95,  96).  The  drug  is  thus  a  competitive  antagonist  of 
acetylcholine.  Clearly  then,  such  properties  as  the  stimulant  action 
of  decamethonium  arise  from  its  depolarizing  action. 
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The  matter  of  the  inverse  relationship  between  decamethonium 
and  d- tubocurarine  activity  on  muscle,  however,  is  not  well  understood. 
It  has  been  suggested  that  this  observed  difference  in  reaction  might 
be  due  to  ’'redness"  or  "whiteness"  of  the  muscle  itself  and  thus  to 
its  phylogenic  status  (97).  However,  any  change  in  the  relative  sen¬ 
sitivity  of  an  end-plate  can  do  only  one  of  two  things.  It  may  increase 
its  response  to  acetylcholine  and  thus  to  decamethonium  but  this  will 
decrease  the  effectiveness  of  d- tubocurarine,  or  it  may  decrease  the 
response  to  acetylcholine  and  likewise  decamethonium,  which  will  allow 
d- tubocurarine  to  operate  at  a  greater  advantage.  Whatever  the  change 
in  sensitivity  of  the  end-plate  that  takes  place,  it  cannot  increase 
sensitivity  both  to  d- tubocurarine  and  decamethonium. 

With  respect  to  the  lability  of  the  d- tubocurarine  block  as 
opposed  to  the  stability  of  the  decamethonium  block,  Paton  (87),  has 
postulated  acetylcholine  -  local  end-plate  response  curves  (based  on 
the  investigations  of  Brown  (98)  and  Kuffler  (99)  to  explain  this  phen¬ 
omenon.  These  curves  (Fig.  3  and  Fig.  4)  are  given  below. 

The  presence  of  d- tubocurarine  leads  to  an  alteration  of  this 
acetylcholine  dose  -  local  end-plate  response  curve  in  such  a  way  that 
small  changes  in  the  acetylcholine  available  are  readily  reflected  in 
end-plate  response,  thus  making  the  tubocurarine  block  labile;  while 
with  decamethonium  the  curve  is  altered  in  such  a  way  that  these  small 
changes  in  acetylcholine  dose  do  not  become  readily  manifest  in  end- 
plate  response,  thereby  making  the  decamethonium  block  stable. 

As  we  have  indicated  above,  decamethonium,  like  d- tubocurarine , 
induces  neuromuscular  block  through  action  on  the  cholinergic  receptors. 
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END- PLATE  DOSE- RESPONSE  CURVE 
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Tetanus  Single 
Shocks 


ACETYLCHOLINE  RELEASED  PER  NERVE  VOLLEY 


Figure  3.  Diagram  of  relation  between  the  amount  of  acetylcholine 
released  at  the  nerve  terminations,  with  single  shocks  or  during  a 
tetanus,  and  the  local  response  (depolarization)  elicited  by  the 
acetylcholine  at  the  end-plate  region.  To  the  right  of  diagram  is 
given  the  range  of  thresholds,  from  zero  to  100  per  cent  transmission 
from  end-plate  to  muscle  fibre.  Left  hand  curve,  normal  muscle; 
right  hand  curve,  curarized  muscle. 
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Figure  4,  As  Figure  3.  Right  hand  lower  curve  and  lower  range  of 
thresholds,  normal  muscle;  left  hand  upper  curve  and  upper  range  of 
thresholds,  muscle  treated  with  decamethonium. 
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As  a  result,  it  has  been  referred  to  as  a  "curare- like"  (100)  agent. 

To  avoid  confusion  with  other  drugs  which  produce  only  an 
outward  intoxication  analogous  to  the  curarines,  Bovet  (100)  has 
proposed  that  the  definition  of  "curare- like  agents  be  based  on  three 
groups  of  properties:-  (a)  those  substances  for  which  a  competitive 
antagonism  towards  acetylcholine  is  responsible  for  neuromuscular 
block;  (b)  those  which  exhibit  in  mammals  properties  similar  to  those 
of  d- tubocurarine ;  and  (c)  those  for  which  there  are  no  important 
secondary  reactions  (for  example  either  central  or  cardiovascular). 

The  similarity  in  behaviour  of  decamethonium  and  tubocurarine 
is  related  to  a  property  common  to  both  molecules  namely,  the  presence 
of  two  cationic  nitrogens  at  a  distance  of  14  angstroms  apart.  This 
property  has  been  shown  to  be  the  fundamental  determinant  of  curare¬ 
like  activity  (101,  102,  103). 

Thus  parts  of  the  tubocurarine  molecule  like  the  quinoline 


quaternary  amonium  groups  does  not  necessarily  increase  curarizing 
activity  (106,  107).  It  has  been  found,  however,  that  apart  from  the 
nitrogens,  which  are  indispensable  for  activity,  the  substituent  confer- 
ing  the  most  activity  is  the  methyl  group  related  to  the  nitrogen  (100, 


108). 


Esterification  of  the  synthetic  curares  also  seems,  as  a  rule, 
to  greatly  increase  their  activity  (100). 

Recently,  Bovet  (109),  in  analyzing  the  behaviour  of  curare¬ 
like  agents,  has  classified  them  into  two  groups,  namely  (a)  the 
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leptocurares  which  induce  neuromuscular  block  by  depolarization,  and 
(b)  the  pachycurares  which  exert  their  activity  by  exhibiting  competi¬ 
tive  antagonism  to  acetylcholine.  According  to  Bovet,  the  long  thin 
curare  molecules  fall  into  the  leptocurare  class  and  are  depolarizers, 
while  the  bulky  curare  molecules  fall  into  the  pachycurare  class  and 
are  competitive  inhibitors. 

This  classification,  however,  has  been  shown  not  to  hold 
true  in  every  instance  (100).  Nevertheless  it  does  provide  us  with 
a  broad  generalization  that  can  be  extremely  useful. 

Variations  from  the  general  classifications  propounded  by 
Bovet  could  be  due  not  so  much  to  deviations  from  the  fundamental 
principle  as  to  the  presence  of  unanalyzed  accessory  factors  such  as 
structural  barriers,  blood  supply  etc.,  that  influence  the  conditions 
under  which  the  drug  acts  in  the  body. 
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ATTEMPTS  TO  DETERMINE  LOCATION  OF  CHOLINERGIC 
RECEPTORS  BY  THE  USE  OF  RADIOACTIVE  DRUGS 

Cholinergic  receptors  at  the  neuromuscular  junction  are 
readily  accessible  to  the  action  of  agents  which  can  block  acetyl¬ 
choline  mediated  excitation.  Many  of  these  blocking  agents  such  as 
those  that  were  used  in  our  experiments  are  quaternary  ammonium  com¬ 
pounds.  Cell  membranes  and  sheath  envelopes  serve  to  screen  these 
quaternary  compounds  from  easy  access  to  cholinergic  receptors  at 
ganglion,  nerve  and  central  nervous  system  sites.  However,  at  the 
neuromuscular  junction  such  impediments  are  absent  or  ineffective. 

The  cholinergic  receptors  at  this  site  are  thus  very  nearly  ideally 
suited  for  study. 

Many  experiments  designed  to  examine  the  receptors  at  .  this 
site  have  been  done  in  vitro.  During  the  last  few  years,  however, 
investigations  have  shown  that  considerable  changes  in  the  water  and 
ionic  content  of  isolated  muscle  can  occur  following  immersion  of 
tissues  in  such  fluids  as  physiological  saline  or  serum  (110,  111, 

112).  Such  changes  may  alter  the  normal  response  of  muscle  to  various 
drugs.  Results  obtained  in  vivo  may  thus  not  be  identical  with  those 
obtained  in  vitro,  all  other  experimental  conditions  being  equal  (113). 
As  a  result,  it  was  decided  that  our  experiments  should  be  conducted 
in  vivo. 

The  muscle  preparation  used  was  the  rat  diaphragm.  The  ready 
availability  of  a  control  preparation  when  only  one  phrenic  nerve  was 
sectioned,  and  the  quick  excisability  of  the  diaphragm  itself  were  use¬ 
ful  advantages  of  this  preparation. 
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On  attempting  to  obtain  in  vivo  denervated  rat  diaphragm 
preparations,  it  was  observed  that  the  use  of  nembutal  as  an  anesthe¬ 
tic  when  incisions  were  made  into  the  thorax  in  order  to  effect  phren- 
ectomy,  resulted  in  a  very  high  mortality  rate  of  the  rats.  Again, 
when  the  surviving  rats  were  anesthetized  even  with  low  doses  of 
nembutal  seven  days  later  and  radioactive  curare  injected  intra¬ 
venously  while  they  were  on  the  respirator,  it  was  found  this  was 
often  accompanied  by  heart  failure  and  death. 

A  change  of  anesthetic  from  nembutal  to  ether  reduced  the 
mortality  rate  in  both  instances  almost  completely.  The  time  consid¬ 
ered  most  suitable  for  the  determination  of  curare  uptake,  and  thus 
presumably  of  cholinergic  receptor  localization,  was  seven  days  after 
phrenectomy,  since  at  that  time  the  sensitivity  of  rat  skeletal  muscle 
to  acetylcholine  is  maximal  (14). 

The  method  used  to  determine  the  amount  of  radioactivity  on 
the  muscle  due  to  curare  uptake,  was  the  liquid  scintillation  counting 
technique.  Although  not  possessing  the  efficiency  of  combustion  tech¬ 
niques,  is  quite  useful  for  the  assay  of  large  numbers  of  samples  (114). 
One  of  the  difficulties  often  encountered  when  using  the  liquid  scin¬ 
tillation  counting  technique  to  determine  radioactivity  in  tissues  is 
the  limited  solubility  of  these  tissues  in  the  usual  liquid  scintilla¬ 
tion  solvents  and  the  great  quenching  due  to  the  formation  of  coloured 
material  when  the  tissues  are  dissolved. 

However,  by  using  a  1  M  methanolic  Hyamine  hydroxide  solution 
to  dissolve  our  tissues,  the  above  difficulties  were  surmounted. 
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METHOD 

Male  white  rats  of  the  Sprague-Daley  strain,  weighing  between 
300-400  gms,  were  anesthetized  with  ether  and  then  subjected  to  a 
thoracic  sectioning  of  the  left  phrenic  nerve.  After  periods  varying 
from  five  to  seven  days  after  denervation,  the  rats  were  again  anesthe¬ 
tized  with  ether,  placed  on  a  respiratory  machine  and  injected  intra¬ 
venously  with  carbon  labelled  decamethonium  or  carbon  labelled  d- 
tubocurarine  of  varying  dosages.  The  animals  were  then  kept  on  the 
respirator  for  periods  ranging  from  one  hour  to  five  minutes,  at  the 
end  of  which  time  they  were  removed,  decapitated  and  bled. 

Rectangular  blocks  of  both  the  normal  and  denervated  sides 
(i.e.  the  right  and  left  side  respectively)  of  the  diaphragm  were  then 
cut  out,  and  the  blood  removed  as  far  as  possible  from  the  preparation 
by  gentle  stroking  with  a  glass  rod.  They  were  then  washed  in  physio¬ 
logical  saline  for  periods  ranging  from  10  seconds  to  20  minutes  and 
then  freeze  dried. 

The  dried  rectangular  blocks  of  tissue  were  then  subsequently 
cut  up  into  strips  1  mm.  wide,  each  of  which  was  weighed,  placed  into 
counting  vials  containing  0.5  cc  of  1  M.  Hyamine  Hydroxide  and  incubat¬ 
ed  for  four  hours  at  52°  C.  At  the  end  of  this  time,  when  tissue  dis¬ 
solution  was  complete,  17.5  cc  of  a  counting  fluid  (consisting  of  0.1  gm. 
POPOP,*  6.0  gm.  PPO**  300  cc  anhydrous  methanol  and  700  cc  Toluene  per 
litre  of  counting  solution)  was  added  to  each  vial.  The  radioactivity 

*  POPOP  =  1,4-bis  (2- (5-phenyloxazoyl)  )  benzene 

PPO  =  2, 5-Diphenyloxazole 
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in  each  vial  was  determined  by  means  of  a  liquid  scintillator,  the 
"external  standard"  being  used  during  counting.  Each  sample  was 
counted  for  20  minutes  and  "background  count"  which  ranged  from  15 
to  20  counts  per  minute  (cpm)  was  subtracted  from  the  cpm  obtained 
for  each  vial. 

Using  a  set  of  standards  whose  count  had  already  been  determ¬ 
ined,  a  calibration  curve  was  made  by  calculating  the  counting  effic¬ 
iency  of  the  liquid  scintillator  for  these  standards  and  then  plotting 
it  against  the  channel  ratio.  The  calibration  curve  was  then  used  to 
correct  to  100%  efficiency  the  sample  counts  obtained. 

The  lowest  dpm  that  was  obtained  for  a  sample  was  30  (see  page 
43)  while  the  highest  was  300  (see  page  34).  Standard  error  thus 
ranged  from  ±4.0  dpm  for  the  sample  count  of  300  dpm  to  ±  1.58  dpm 
for  the  sample  count  of  30  dpm. 


dpm 


disintegrations  per  minute 
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RESULTS 

Histograms  showing  the  uptake  of  dimethyl- c1^- d- tubocurarine 

14 

and  decamethonium  -1,  10- C  -  dichloride  in  normal  and  denervated 

rat  diaphragms.  The  shaded  areas  (of  the  histograms)  show  the  increas¬ 
ed  drug  uptake  of  the  denervated  muscle  over  the  normal  muscle. 

The  abbreviation  d  Tbc  used  in  some  of  the  following  histo¬ 
grams  means  dimethyl- d- tubocurarine.  The  term  C- 10  has  also  been  used 
instead  of  decamethonium  in  some  of  the  following  histograms. 

The  specific  activity  of  decamethonium- 1,  10-C^  -  dichloride 
is  3.05  mCi/mM  while  the  specific  activity  for  dimethyl- C^-d- tubo¬ 
curarine  is  7.71  mCi/mH.  Both  drugs  were  obtained  from  New  England 
Nuclear  Corporation,  Boston,  Hass.,  U.S.A. 


DPM  PER  mg  TISSUE 
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RAT  DIAPHRAGM 


DRUG  =  C-IO 

DOSAGE  =  2.0/xg/g 

DENERVATION  TIME  =  7  DAYS 


WASHING  TIME  =  20  SECONDS 

TIME  ON  RESPIRATOR  =  I  HR  AFTER  INJECTION 


I  234  56789  10 

DISTANCE  FROM  TENDON  END  IN  mm 
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RAT  DIAPHRAGM 


DRUG 

DOSAGE 

DENERVATION  TIME 
WASHING  TIME 
TIME  ON  RESPIRATOR 


=  C-IO 

=  2.0  /a g/g 
=  7  DAYS 
=  20  SECONDS 
=  5  MINUTES  AFTER 
INJECTION  OF  C-IO 
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RAT  DIAPHRAGM 


DRUG 
DOSAGE 
WASHING  TIME 
DENERVATION  TIME 


d  Tbc 
0.44  /xg/g 
20  SECONDS 
7  DAYS 
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DPM  PER  mg  TISSUE 
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RAT  DIAPHRAGM 


DRUG 

DOSAGE 

TIME  ON  RESPIRATOR 

\ 

WASHING  TIME 
DENERVATION  TIME 


=  d  T be 
=  0.44  / g 

=  10  MINUTES  AFTER 
INJECTION  OF  d  Tbo 
=  20  SECONDS 
=  7  DAYS 
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RAT  DIAPHRAGM 


DRUG 

DOSAGE 

V/ASHING  TIME 
TIME  ON  RESPIRATOR 


d  Tbc 
0.44  /xg /g 
20  SECONDS 
10  MINUTES  AFTER 
INJECTION  OF  d  Tbc 
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RAT  DIAPHRAGM 


DRUG 
DOSAGE 
WASHING  TIME 
DENERVATION  TIME 
TIME  ON  RESPIRATOR 


d  Tbc 
0.44  /i-g/g 
20  SECONDS 
7  DAYS 

5  MINUTES  AFTER 
INJECTION  OF  d  Tbc 


DISTANCE  FROM  TENDON  END  IN  mm 


DPM  PER  mg  TISSUE 
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RAT  DIAPHRAGM 


DRUG 

DOSAGE 

TIME  ON  RESPIRATOR 


*  d  Tbc 
-  0.44/i.g/g 
=  I  HOUR  AFTER 


INJECTION  OF  d  Tbc 


DENERVATION  TIME  =  7  DAYS 

WASHING  TIME  =0  SECONDS 


DISTANCE  FROM  TENDON  END  IN  mm 


< 

RAT  DIAPHRAGM 


DRUG 

DOSAGE 

TIME  ON  RESPIRATOR 

DENERVATION  TIME 
WASHING  TIME 


=  d  Tbc 
=  0.44 /J-g  /g 
=  I  HR  AFTER  INJECTION 
OF  d  Tbc 
=  7  DAYS 
=  I  MINUTE 
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RAT  DIAPHRAGM 


DRUG 

DOSAGE 

DENERVATION  TIME 
TIME  ON  RESPIRATOR 

WASHING  TIME 


=  d  Tbc 
=  0.44  /-'-g  /g 
=  7  DAYS 

=  I  HR  AFTER  INJECTION 
OF  d  Tbc 
=  20  MINUTES 


DPM  PER  mg  TISSUE 
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RAT  DIAPHRAGM 


DRUG 

DENERVATION  TIME 
WASHING  TIME 
TIME  ON  RESPIRATOR 

DOSAGE 


=  d  T be 
=  7  DAYS 
=  20  SECONDS 
=  I  HR  AFTER  INJECTION 
OF  d  Tbc 
=  0.11  /tg/Q 


DISTANCE  FROM  TENDON  END  IN  mm 
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RESULTS  AND  DISCUSSION 

Radioactivity  due  to  decamethonium  uptake  was  detected  not 
only  at  the  end-plate  but  all  along  the  muscle  fibre,  both  in  the 
normal  and  denervated  muscle.  A  peak  of  radioactivity  at  the  end- 
plate  was  observed  in  all  cases,  although  in  the  denervated  muscle 
this  was  much  less  pronounced.  The  above  findings  with  respect  to 
normal  muscle  are  in  agreement  with  those  of  Taylor  and  Creese  et  al, 

(30)  and  Waser  and  Luthi  (115).  The  former,  however,  state  that  in 
denervated  muscle,  in  most  cases,  no  endplate-peak  could  be  demonstrat¬ 
ed  with  decamethonium.  The  fact  that  we  observed  a  peak  in  every  case 
could  be  because  our  injections  of  decamethonium  were  done  in  vivo, 
while  theirs  were  done  in  vitro.  The  possibility  of  in  vitro  results, 
all  other  things  being  equal,  differing  from  in  vivo  ones,  has  already 
been  discussed.  Moreover,  such  a  finding  would  also  be  consistent  with 
the  concept  that  decamethonium  "enters  the  muscle  fibres  at  the  region 
of  the  end-plate  and  then  migrates  towards  the  end  of  the  fibres  and  is 
slowly  lost"  (94).  With  regard  to  the  "time-course"  distribution  of 
the  drug,  it  was  noted  that  when  the  normal  muscle  was  exposed  (in  vivo) 
to  decamethonium  for  5  minutes,  the  end-plate  uptake  would  be  approximate¬ 
ly  twice  as  much  as  that  along  the  rest  of  the  fibre.  When  in  vivo  expos¬ 
ure  time  was  increased  to  one  hour,  then  end-plate  decamethonium  uptake 
was  2  l/2  greater  than  uptake  along  the  rest  of  the  fibre.  Such  a  find¬ 
ing  is  consistent  with  the  observation  of  Waser,  that  for  a  given  dosage 
of  decamethonium,  there  is,  with  time,  a  gradual  increase  of  the  drug  up¬ 
take  at  the  end-plate  of  innervated  muscle  fibres  (116).  With  respect  to 
the  denervated  muscle,  a  comparable,  although  somewhat  lesser  increase 
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of  decamethonium  end-plate-uptake,  was  observed.  At  the  end  of  5  minutes 
in  vivo  exposure  to  decamethonium,  end-plate  region  uptake  was  greater 
by  approximately  l/5  than  uptake  for  the  rest  of  the  denervated  muscle. 
When  drug  exposure  time  was  increased  to  one  hour,  end-plate  region 
uptake  was  greater  by  l/2  than  uptake  along  the  rest  of  the  fibre.  Thus 
uptake  at  the  neuromuscular  junction,  whether  in  the  normal  or  denervat¬ 
ed  muscle,  was  always  greater  relative  to  the  rest  of  the  fibre.  The 
consistency  of  such  a  finding  with  the  concept  that  decamethonium  enters 
the  fibre  through  the  end-plate  region,  has  already  been  pointed  out. 

In  denervated  muscle  the  overall  decamethonium  uptake  at  endplate  as  well 
as  non-endplate  areas  was  between  4  to  6  times  greater  than  for  normal 
muscle.  This  agrees  with  the  concept,  that  after  denervation,  an  increase 
of  cholinergic  receptors  occurs  on  the  membrane  (25). 

i 

When  labelled  tubocurarine  was  injected  into  a  rat  with  a  den¬ 
ervated  diaphragm,  however,  radioactivity  was  detected,  not  only  at  the 
end-plate,  but  in  similar  concentrations  all  along  the  diaphragm.  The 
increase  of  uptake  at  the  nerve  region  compared  to  the  rest  of  the  muscle 
was  found  to  be  only  about  10%.  However,  the  drug  uptake  at  non-endplate 
areas  of  the  muscle  was  found  in  most  cases  to  be  increased  by  40%  to  60% 
after  denervation. 

These  findings  are  not  in  agreement  with  those  of  Waser  (86). 

In  tracer  studies  with  labelled  curarine  on  denervated  skeletal  muscle 
he  was  able  to  find  increased  radioactivity  only  around  the  end-plates. 
However,  Waser' s  findings  are  contrary  to  the  demons tra table  pattern  of 
acetylcholine  sensitivity  using  electrical  recording  (25,  27),  after 
denervation,  while  our  results  are  entirely  consistent  with  this  pattern. 
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When  the  innervated  rat  diaphragm  was  subjected  to  in  vivo  infusions 
of  labelled  tubocurarine,  radioactivity  was  detected  not  only  at  the 
end-plate  but  all  along  the  muscle.  End-plate  drug  uptake,  however, 
had  a  tendency  to  be  greater  than  uptake  across  the  rest  of  the  muscle 
fibre.  Again  these  results  are  directly  at  variance  with  the  findings 
of  Waser  (86),  who,  using  autoradiographic  techniques,  was  able  to 
show  that  tubocurarine,  when  applied  to  normal  muscle,  was  localized 
only  in  the  end-plate.  The  differences,  however,  between  our  results 
and  Waser' s  might  be  partially  due  to  differences  in  technique.  Waser 
used  mice,  whereas  we  used  rats.  Species  difference  might  affect  end- 
plate  uptake.  Moreover,  in  making  his  autoradiographs,  Waser  used 
curarine  of  a  very  high  specific  activity.  Films  were  placed  against 
the  dried  diaphragms  and  allowed  to  remain  thus  for  60  days.  The 
diaphragm,  however,  is  somewhat  thicker  in  the  region  of  the  nerve 
which  would  mean  that  when  the  film  was  placed  over  it,  the  nervous 
region  of  the  muscle  would  be  closer  to  the  film  than  the  rest  of  the 
muscle.  This  could  lead  to  a  greater  blackening  of  the  film  in  the  end- 
plate  region,  thereby  giving  rise  to  misleading  results  when  densito- 
metric  measurements  were  made. 

Another  possible  explanation  of  our  results  could  be  made  on 
the  basis  of  the  presence  on  the  muscle  of  additional  acceptor  sites 
which  had  leaser  affinity  for  the  tubocurarine  drug  than  the  true  cholin¬ 
ergic  receptors.  Excessive  amounts  of  tubocurarine  over  and  above  that 
required  for  saturation  of  the  end-plate  cholinergic  receptors  would 
then  be  taken  up  by  these  acceptor  sites,  thereby  leading  to  an  obscur- 
ance  of  end-plate  uptake  when  the  radioactivity  of  the  muscle  fibre  was 


measured. 
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Other  observations  made,  however,  do  not  support  this  hypo¬ 
thesis.  Wien  d- tubocurarine  dosage  was  varied  from  0.22  pg/gm.  to 
0.44  pg/gm.  the  end-plate  region  uptake  rose  by  20%  although  the  pattern 
of  drug  uptake  did  not  change.  The  end-plate  could  thus  not  have  been 
saturated  at  a  dosage  of  0.22  pg/gm. 

The  presence  of  radioactivity  all  over  the  innervated  skeletal 
muscle  fibre,  after  its  in  vivo  exposure  to  labelled  d- tubocurarine 
is  undoubtedly  a  perplexing  phenomenon.  In  the  liquid  scintillator 
measurement  of  sample  radioactivity,  "background  radioactivity"  was 
subtracted  and  hence  could  not  be  a  contributing  factor  in  the  phenomenon 
observed.  Also  radioactive  blood  was  largely  or  completely  removed  from 
the  tissue  samples  used  (see  Methods)  and  so  could  not  account  for  the 
radioactivity  observed.  Nor  is  it  likely  that  this  radioactivity  is  due 
to  the  penetration  of  the  labelled  drug  into  the  fibres.  Detailed 
studies  of  d- tubocurarine  action  on  skeletal  muscle  indicates  very 
strongly  that  the  drug  does  not  enter  the  muscle  fibre  (37,  117,  118). 

That  the  uptake  of  d- tubocurarine  all  over  the  fibre  could  be 
due  to  the  presence  of  cholinergic  receptors  again  does  not  seem  likely. 
It  has  been  shown  that  in  some  innervated  skeletal  muscles,  sensitivity 
to  acetylcholine  can  be  detected  anywhere  along  the  fibres  (33).  At  the 
end-plate  region  it  is  highest,  however.  Miledi,  as  indicated  before, 
has  postulated  that  these  differences  in  sensitivity  are  due  to  differ¬ 
ences  in  receptor  density.  Presumably,  then,  if  receptor  density  falls 
below  a  certain  critical  level,  sensitivity  to  acetylcholine  may  be 
undetectable.  Thus  although  the  diaphragm  of  the  rat  (our  experimental 
animal)  does  not  exhibit  any  acetylcholine  sensitivity  at  non-endplate 
regions  (32)  this  does  not  rule  out  the  possibility  of  cholinergic 
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receptors  being  present  in  these  areas.  On  exposure  to  d- tubocurarine 
some  drug  uptake  might  thus  occur  all  over  the  muscle  fibre. 

However,  the  results  that  we  have  obtained  tends  to  throw 
doubt  on  the  above  hypothesis  as  an  explanation  of  the  radioactivity 
detected.  d-Tubocurarine  uptake  at  the  end-plate  region  was  only 
about  10%  greater  than  for  the  rest  of  the  fibres.  The  differences 
in  receptor  density  levels  are  thus  not  sufficiently  large  to  explain 
the  high  degree  of  sensitivity  observed  at  the  end-plate  regions  and 
the  total  lack  of  it  (sensitivity)  at  other  regions  of  the  fibre  as 
shown  by  the  iontophoretic  application  of  acetylcholine  etc.  (25,  26). 
Hence  the  receptors  at  the  non-endplate  regions  that  are  involved  with 
tubocurarine  uptake  are  probably  not  all  cholinergic  ones. 

An  analysis  of  our  findings  concerning  the  uptake  of  d- 
tubocurarine  by  the  normal  skeletal  muscle  fibre  suggests  that  the 
drug  complexes  with  cholinergic  as  well  as  with  other  receptors  or 
tissue  components.  Such  behaviour  would  not  be  inconsistent  with  known 
facts  about  d- tubocurarine. 

In  summary  our  observations  concerning  decamethonium  uptake 
by  normal  and  denervated  muscle  are  essentially  in  agreement  with  the 
findings  of  several  other  researchers.  Our  findings  concerning  the 
uptake  of  d- tubocurarine  by  the  denervated  muscle,  however,  do  not  agree 
with  those  of  Waser  but  are  consistent  with  well  known  physiological 
facts.  With  respect  to  the  innervated  muscle,  the  tubocurarine  uptake 
observed  was  also  at  variance  with  Waser' s  findings.  These  differences 
in  results  may,  in  part,  be  due  to  differences  in  techniques.  It  seems 
likely,  nevertheless,  that  d- tubocurarine  complexes  with  cholinergic  as 
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well  as  non- cholinergic  receptors  or  even  with  other  chemical  compo¬ 
nents  of  tissues. 
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